Translation initiation is a sequential process involving interactions between the 30S small ribosomal subunit, initiation factors and initiator tRNA. The Escherichia coli K-12 strain is unique in the Escherichia because it has two different initiator tRNA sequences, tRNAfMet1 encoded by the metZWVgenes and tRNAfMet2 encoded by the metY gene. A mutant of the metY gene was previously made where the anticodon sequence, responsible for specifying the start codon where translation initiation begins, was changed so that it bound to the amber stop codon UAG instead of the usual AUG start codon . We found that the amber initiator functions similarly across the five strains, effectively initiating translation at the orthogonal UAG start codon and that it had modest growth-slowing effects in the Crooks, W, and K-12 strains. The five tested E. coli strains in this work (K-12, B, C, W, and Crooks) are important workhorses of academic and industrial research and development. The path is now clear to deploy the amber initiator tRNA into these five strains to precisely control gene expression. (adk, fumC, gyrB, icd, mdh, purA, recA 
mutant of the metY gene was previously made where the anticodon sequence, responsible for specifying the start codon where translation initiation begins, was changed so that it bound to the amber stop codon UAG instead of the usual AUG start codon [1] . This amber initiator tRNA has already been shown to be functional in the K-12 strain [1] [2] , but it is unclear whether it would function in other strains normally lacking the tRNA fMet2 variant.
In this work, we transformed E. coli K-12, and four other generally regarded as safe (GRAS) laboratory strains, with a plasmid expressing the amber initiator tRNA and evaluated its functionality and growth effects on the bacteria. We performed these tests because, despite these strains all belonging to E. coli phylogenetic group A, it is well known that there is significant variation between even closely related E. coli strains in their metabolism [3] [4] [5] , transcriptional response to exogenous DNA expression [6] and rates of amber stop codon suppression [7] . We found that the amber initiator functions similarly across the five strains, effectively initiating translation at the orthogonal UAG start codon and that it had modest growth-slowing effects in the Crooks, W, and K-12 strains. The five tested E. coli strains in this work (K-12, B, C, W, and Crooks) are important workhorses of academic and industrial research and development. The path is now clear to deploy the amber initiator tRNA into these five strains to precisely control gene expression. . A major activity of biological engineers is the construction of genetic parts and devices that tell the cell when to turn on a gene, resulting in protein production. Predicting whether engineered genetic constructs will work across different organisms is non-trivial and often results in non-functional or incorrectly functioning systems [22] . Differences in basal levels of amber suppression within common K-12 strains is already known [7] . Expressing the amber initiator tRNA shows great promise as a way of programming orthogonal translation initiation at UAG sites in engineered genetic constructs [2] , but it is unknown whether tRNA fMet2 (CUA) will function outside of the K-12 lineage of E. coli.
Objective
To enable the adoption of this powerful amber initiator tRNA system to drive programmable gene expression, we wanted to know how transportable it is across E.
coli strains? In particular, how would the amber initiator functions in laboratory E.
coli strains that normally do not contain the tRNA fMet2 sequence variant?
Results & Discussion
We began our investigation by building a paired set of plasmids to both express the amber initiator tRNA as well as measure the translation initiation efficiency at AUG and UAG codons. The amber initiator plasmid features a recoded metY gene (metY(CUA)) that expresses tRNA fMet2 (CUA). The amber initiator tRNA features an altered anticodon sequence that is the reverse complement of the desired UAG start codon (Fig. 1C) . The plasmid contains an IPTG-inducible tac promoter and the Clo DF13 (medium copy) origin of replication expected to function across diverse E. coli strains (Fig. S3 ) [23] . We designed three reporter plasmids to measure translation initiation events caused by expression of tRNA fMet2 (CUA) from the amber initiation plasmid. The reporter plasmids use super-folder green fluorescent protein (sfGFP) with three start codon variants: UAG to measure translation initiation efficiency from the amber initiator tRNA, AUG as a positive control, and GCC as a negative control (Fig. S3) . The sfGFP reporter is driven by a constitutive T5 promoter and has the ColE1 origin of replication [24] , which is compatible with the Clo DF13 origin, so both plasmids can be simultaneously maintained within one E. coli cell.
We next transformed the amber initiator and reporter plasmids into five common generally recognized as safe (GRAS) laboratory strains of E. coli from a diverse set:
MG1655 (K-12 strain), BL21 (B strain), C122 (C strain), ATCC 9637 (W strain), and ATCC 8739 (Crooks strain). All five E. coli strains are designated risk group 1 [25] but arise from distinct lineages (Fig. 1A) .
After transforming both amber initiator plasmid and reporter plasmids into all strains, we measured bulk fluorescence under repressing and inducing conditions (Fig. 1D) . We
observed similar trends in all tested strains. As expected, the reporter strain with sfGFP(GCC) start codon did not appreciably change expression due to tRNA fMet2 (CUA) expression. In contrast, the sfGFP(UAG) reporter had fluorescence levels similar to sfGFP(GCC) when under tRNA fMet2 (CUA) repressed conditions, but increased markedly when tRNA fMet2 (CUA) expression was induced (Fig. 1D) . We would therefore not expect the reciprocal codon-anticodon pairing between the AUG start codon and the amber initiator tRNA fMet2 (CUA) to result in productive translation initiation. We next expressed wild-type metY from the pULTRA plasmid and found no fluorescence increase from the UAG reporter as expected, and a similar magnitude increase in fluorescence from the AUG reporter as was seen with the amber initiator. We speculate that tRNA fMet2 (CUA) expression has caused an increase in the cellular concentration of ribosomes and this has resulted in increased translation from the sfGFP(AUG) reporter. Support for this idea comes from a recent paper showing evidence that expressing initiator tRNA in E.
coli increases mature ribosome levels and accelerates rRNA processing [28] and our recent work showing the amber initiator can increase ribosome protein abundance in cells [2] . We can speculate that expressing tRNA fMet2 (CUA) has a similar effect on ribosomal maturation and rRNA processing in the cell, considering the presence of identical identity elements (aside from the anticodon sequence) in both initiator tRNAs.
We next compared the effects of expressing the amber initiator on relative increases of sfGFP(AUG) and sfGFP(UAG) reporter expression to determine the suitability of the strains using the amber initiator (Fig. 1E) . The results show the strains are all relatively similar, with E. coli C122 being the best and Crooks being the worst for selectively expressing UAG start codons over AUG initiation.
To determine the fitness effects of expressing the amber initiator tRNA fMet2 (CUA) on the different E. coli strains, we measured growth rate and maximal optical density differences when the tRNA fMet2 (CUA) transcription was induced versus repressed (Fig. 1F) . We observed that the Crooks strain had both its growth rate and maximum optical density moderately reduced when the tRNA fMet2 (CUA) was induced, while the W and K-12 strains had a major reduction in growth rate but not maximum optical density (Fig. 1F) .
The B and C strain growth characteristics were unaffected by tRNA fMet2 (CUA) induction.
The patterns of fitness changes following tRNA fMet2 (CUA) induction seemed to mirror the strain's relative abilities to produce UAG-initiated reporter protein (Fig. 1E) . That is, the B and C strains produced the most UAG reporter fluorescence compared to AUG reporter fluorescence, while the Crooks and W strains produced the least (Fig. 1E) . The exception to this pattern is the K-12 strain, which produced the third highest amount of UAG reporter per AUG reporter fluorescence despite the growth rate being reduced by the most (~50%) (Fig. 1E and 1F) . The reason for the difference in K-12 may be due to interference between the amber tRNA fMet2 (CUA) and the genomic copy of wild-type tRNA fMet2 in this strain, which is missing in the other strains examined in this study (Fig.   1B) . Further work will need to be done to uncover the reasons for these strain-specific fitness differences.
In this work, we have shown that the amber initiator tRNA fMet2 (CUA) can be expressed in a fully functional form in five different strains of generally regarded as safe laboratory E.
coli. Furthermore, the genomic absence of the tRNAfMet2 (metY) gene variant does not seem to have a major bearing on the effectiveness of the amber initiator tRNA fMet2 (CUA) function within those strains (B, C, W, and Crooks) (Fig. 1B) .
Lastly, this work points towards possible uses for the amber initiator tRNA to enable expression of toxic proteins in strains of E. coli, such as BL21, that are often used for the production of protein for structural biology, investigation of protein function, and for therapeutics.
Methods

Bacterial strains
The following strains of E. coli were used in this study: MG1655 (K-12 
Phylogenetic Tree
A phylogenetic tree of 16 diverse E. coli strains with Escherichia fergusonii as an outgroup was created using the Phylogeny.fr .
Plasmid construction
Reporter plasmids were designed to contain superfolder GFP (sfGFP) with different start codons [33] . A 1971bp gBlock (Integrated DNA Technologies, Inc) was designed and synthesized that contained the metY gene from MG1655 (GenBank: U00096.3) with an anticodon mutation (CAU > CUA). A pULTRA-CNF vector (Addgene #48215) [34] with a Clo DF13 origin of replication and a spectinomycin-resistance cassette was used as the plasmid backbone. The amber initiator plasmid was assembled via in vitro homologous assembly [35] . Cultures for plasmid construction were grown in LB M supplemented with spectinomycin. Plasmids were isolated from transformants, sequence verified, and stored in elution buffer (10 mM Tris-Cl, pH 8.5).
Culture growth conditions for assay measurements
Transformants from glycerol stocks were streaked on LB M plates with appropriate antibiotics: spectinomycin (100 µg/mL) for amber initiator plasmid and/or carbenicillin (100 µg/mL) for reporter plasmids and grown overnight at 37°C. Individual colonies were inoculated in 2 mL of LB M containing appropriate antibiotics and grown overnight at 37°C shaking at 200 rpm. After overnight growth, each culture was diluted 1:100 into 400
µL LB M in a 96-well deep well plate containing either 1 mM IPTG to induce, or 2%
glucose (w/v) to repress, metY(CUA) expression.
Fluorescence measurements
Measurements of fluorescence intensity from the amber initiator plasmid system was performed as before [26] with the following modifications: Absorbance was measured at 600 nm (OD600) to estimate culture density, followed by fluorescence (excitation = 485 nm, emission = 520 nm, bandwidth = 9 nm) measured at a single gain setting (high gain sensitivity = 111), on a PHERAstar FSX (BMG Labtech) plate reader.
Fitness analysis
Strains were grown overnight as described above. Cell densities were measured and cells were passaged to a starting OD600 of 0.1 into fresh 200 µL LB M with appropriate antibiotics and either 1 mM IPTG or 2% glucose (w/v). Cultures were grown in a flatbottom 96-well plate sealed with gas-permeable seal (Sigma-Aldrich # Z763624) at 37°C
(300 rpm) while culture light scattering (OD600) over time was measured on a SPECTROstar NANO (BMG Labtech) plate reader at 5 min intervals for 10 h. Our analysis method was adapted from previous work [36] and used to compare ratios of growth rate and maximal cell density for individual strains.
The growth rate and maximal cell density (max OD600) were calculated using the R package Growthcurver v.0.2.1 [37] . Ratios of growth rates and maximal cell densities were determined for strains with the amber initiation plasmid under induced growth condition
(1 mM IPTG) versus repressed growth condition (2% glucose (w/v)).
Whole Genome Alignment
The following nucleotide sequences from GenBank were analyzed using Mauve whole genome alignment 
metY Multiple Sequence Alignment
Gene sequences were extracted from GenBank genome sequences and aligned using MUSCLE algorithm [11] using default parameters. 
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